INTRODUCTION {#SEC1}
============

Non-homologous end-joining repair of DNA double-strand breaks (DSBs), while normally accurate, can also be an error-prone process, creating small insertions, deletions, and chromosome translocations ([@B1]--[@B4]). Classical non-homologous end joining (C-NHEJ) involves binding of the broken ends by the Ku70/Ku80 heterodimer, recruitment of processing factors such as nucleases and polymerases, and ligation by a complex containing DNA ligase 4 (Lig4) ([@B5]--[@B12]). While C-NHEJ can repair blunt-ended breaks, it also utilizes small microhomologies during alignment of broken ends ([@B13]). In the absence of Ku or Lig4, an alternative end-joining mechanism predominates ([@B14]--[@B17]). Frequently referred to as A-NHEJ or alt-EJ, alternative end joining is highly mutagenic and is often distinguished from C-NHEJ by the formation of large deletions ([@B18]). Many of these deletions are thought to be created by DNA resection and subsequent annealing of microhomologous sequences found in the resulting single-stranded DNA ([@B19],[@B20]). For this reason, alt-EJ is sometimes referred to as microhomology-mediated end joining (MMEJ) ([@B19],[@B21]). However, alt-EJ does not always appear to involve annealing at microhomologies, suggesting that alt-EJ might actually comprise several repair mechanisms.

In *Drosophila melanogaster*, alt-EJ is commonly used to repair DSBs, even in the presence of fully functional C-NHEJ ([@B22]--[@B24]). Drosophila alt-EJ frequently results in a type of repair class termed indels, in which deletions are accompanied by insertions of one to tens of base pairs (bp). Previously, we showed that many types of DSB repair junctions that occur in wild-type Drosophila and flies lacking Lig4, including indels, simple deletions, and apparent blunt-ended joins, can all be explained by a model called synthesis-dependent microhomology-mediated end joining (SD-MMEJ) ([@B25]). In the SD-MMEJ model, single-stranded DNA that is formed by resection or duplex unwinding at DSB sites forms transient secondary structures, such as hairpins or loops, via annealing at microhomologous sequences called 'primer repeats' (Figure [1](#F1){ref-type="fig"}). These secondary structures can involve annealing between misaligned direct repeats in two single-stranded DNA molecules (referred to as 'loop-out' mechanisms, Figure [1A](#F1){ref-type="fig"}) or annealing between two inverted repeats within a single-strand of DNA (referred to as 'snap-back' mechanisms, Figure [1B](#F1){ref-type="fig"}). The 3′ DNA end in these structures then uses the ssDNA as a template for non-processive synthesis. Unwinding of the extended secondary structure and subsequent annealing of the nascent DNA with microhomologous sequences found on the other side of the break ('microhomology repeats') allows for completion of repair.

![The SD-MMEJ model for alternative end joining repair. (**A**) Loop-out mechanism with DNA unwinding prior to loop formation. (**B**) Snap-back mechanism with DNA resection prior to hairpin formation. Both mechanisms utilize annealing of break-proximal primer repeats (P2) to break-distal primer repeats (P1), which primes nascent synthesis that can lead to insertions (black) and the creation of new microhomologous sequences (MH1, green). For loop-out SD-MMEJ, P1 and P2 are direct repeats, while for snap-back SD-MMEJ they are inverted repeats. Repair concludes with unwinding of secondary structures, annealing of nascent microhomologies with MH2 sequences on the other side of the break, fill-in synthesis, and ligation. For the repair events shown here, the inserted sequence becomes part of new, longer direct or inverted repeats. Not shown are the trimming of non-homologous flap intermediates when P2 and MH2 are not directly adjacent to the break site, or deletion junctions with no net insertion that are formed when P1 and MH1 are directly adjacent to each other.](gkx1056fig1){#F1}

Repair products consistent with the SD-MMEJ model contain repeat motifs that are composed of the P1 primer repeat, the MH1 microhomology repeat, and any DNA between these repeats. In other words, the repeat motif is composed of the outermost primer repeat utilized during secondary structure formation and DNA that is subsequently synthesized to create the microhomology used to span the break. Depending on the amount of DNA found between the primer repeats and microhomology repeats, the resulting junction can be an indel, simple deletion/microhomology join, or apparent blunt join ([@B25]--[@B27]).

Previous studies have demonstrated that DNA sequences flanking a DSB can influence which type of repair is preferentially used. In both *Saccharomyces cerevisiae* and mammalian cells, longer direct repeats are used more frequently than shorter repeats during MMEJ, but not all long repeats are utilized equally and short repeats are sometimes favored. This indicates that factors besides repeat length influence MMEJ repair ([@B28]--[@B32]). Studies using *S. pombe* showed that alt-EJ can be affected by DNA sequences directly adjacent to an endonuclease-induced break ([@B33]). Similarly, repair of Cas9-induced breaks in human cells is highly dependent upon the primary DNA sequence flanking the break site ([@B34]). However, the exact mechanisms by which sequences flanking double-strand breaks influence repair and determine preferred repair outcomes are poorly characterized.

Our initial characterization of SD-MMEJ suggested that it might depend on the presence of secondary-structure forming sequences located in DNA flanking the break site ([@B25]). To test this hypothesis, we have now carried out a fine-level study of targeted sequence changes to characterize how flanking sequences impact the frequency and types of SD-MMEJ repair junctions. Our results demonstrate that secondary-structure forming sequences on both sides of an endonuclease-induced DSB can promote SD-MMEJ and have a strong influence on the mechanisms by which alt-EJ proceeds in Drosophila. Surprisingly, we find that increasing the length of the stem beyond four base pairs in hairpin-forming sequences does not result in their increased usage as primer repeats, suggesting that SD-MMEJ proceeds most efficiently with repeats that form transient and easily-disrupted secondary structures. Furthermore, our data provide evidence that secondary structure-forming sequences located up to 30 bp distal to the break site can be used in SD-MMEJ. Finally, we show that SD-MMEJ is a remarkably plastic process, with small changes in DSB-flanking sequences having large effects on the types of repair junctions that are recovered.

MATERIALS AND METHODS {#SEC2}
=====================

Preparation of plasmids {#SEC2-1}
-----------------------

The plasmid containing part of the *Iw7* construct ([@B35]) was created by cloning a 1 kb amplified fragment containing the I-*Sce*I recognition site into pBlueScript. Single base pair changes in *Iw7* were created by site-directed mutagenesis with Phusion polymerase (NEB) to create plasmids M1--M5. Purified plasmids were obtained using the Macherey-Nagel NucleoBond Xtra Midi kit and diluted to 250 ng/μl in injection buffer (1 mM sodium phosphate and 50mM potassium chloride).

Fly Stocks {#SEC2-2}
----------

The genotype of the fly stock used for injections was *w^1118^*; P{*Ubiq*::*I-SceI¸w^+^}, Sp* / *CyO*, P{*Ubiq*::*I-SceI¸w^+^}*, in either a wild-type or *lig4^169a^* mutant background ([@B22],[@B23]). Oregon-R flies were used as a no I-*Sce*I control. All flies were maintained in bottles containing a cornmeal-agar medium in a 25°C incubator on a 12 h light--dark cycle. Freshly eclosed flies were placed in cages and fed yeast paste on a grape agar substrate to promote embryo laying. Embryos \<2 h old were recovered and dechorionated for two minutes in a 50% bleach solution. Embryos (*n* = 60 per experiment) were aligned uniformly on double-stick tape attached to a glass cover slip for injections of plasmids.

Microinjection and DNA Recovery {#SEC2-3}
-------------------------------

Embryos were desiccated for one minute and coated in halocarbon oil to prevent rupturing of the membrane when injected. The microinjections were done using a Zeiss compound microscope fitted with injection apparatus and a Parker-Hanfin Picospritzer II. Embryos were incubated at 25°C for 4 h to allow for I-*Sce*I cutting and repair of the ensuing double-strand breaks. Halocarbon oil was removed using a 1% sodium dodecyl sulfate solution in 0.7% sodium chloride buffer.

Plasmid DNA was extracted by grinding embryos with a disposable pestle in 200 μl Buffer A (100 mM Tris--HCl, pH 7.5, 100 mM EDTA, 100 mM NaCl, 0.5% SDS). After incubating at 65°C for 30 min, 800 μl of LiCL/KAc solution (1 part 5 M KAc:2.5 parts 6 M LiCL) was added and tubes were incubated on ice for 10 min. The solution was centrifuged for 10 minutes and plasmids were precipitated from the supernatant with isopropanol.

DNA purification and sequencing {#SEC2-4}
-------------------------------

For Sanger sequencing, plasmid DNA recovered from embryos was transformed into XL1-Blue competent *Escherichia coli* and purified by alkaline lysis. Sanger sequencing was performed by Eton Bioscience Inc., using a primer approximately 200 bp from the I-*Sce*I recognition site.

For high-throughput amplicon sequencing, approximately 300 bp of sequence flanking the I-*Sce*I site was amplified from recovered plasmids by PCR with Q5 polymerase (NEB) for 19 cycles using an Eppendorf Vapo Protect thermocycler with a pooled set of primers containing one, two or three random bases at the 5′ end. AMPure bead purification was performed on the PCR products and the purified DNA was subjected to a second PCR to attach indices for amplicon sequencing. A final AMPure purification step was performed to remove all products less than 100 bp. The samples were pooled with 5% PhiX DNA and sequenced on an Illumina MiSeq platform using a version 3 chip with 2 × 300 paired-end reads.

Bioinformatic analysis {#SEC2-5}
----------------------

Raw reads from paired-end sequencing were trimmed to the amplicon primer sequence and overlapping read pairs were merged into single consensus reads as FASTQ files (CLC Bio Genomics Workbench). Junctions lacking 10 bp of reference sequence at both the 5′ and 3′ ends of each amplicon were removed as PCR artifacts as they failed to span both sides of the break. Reads were trimmed to common starting and end positions, mapped to reference sequences corresponding to the original *Iw7* or M1-M5 constructs with Geneious alignment software (BioMatters) and exported as SAM files for analysis. The structure of repair junctions was determined by using the CIGAR string to identify sequences matching the 5′ and 3′ ends of the amplicon, deleted sequences relative to the I-*Sce*I cut site, and inserted sequences ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Junctions with \<30 reads and appearing in both uncut control and the experimental samples were removed from the data set. Following removal of these junctions, the normalized percentage of inaccurate reads per junction was calculated by dividing the number of reads per junction by the total number of inaccurate reads. Deletion junctions (containing only linear sequence present in the original construct) were characterized as apparent blunt joins (ABJ) or microhomology junctions (MHJ). These were analyzed to determine SD-MMEJ consistency using a novel pure Python suffix tree library, which searched for a break-spanning region that contained both microhomology and primer junctions. Insertion sequences (containing novel sequences not present in the original construct) were analyzed using an in house R-script to determine SD-MMEJ consistency, as defined in the text.

RESULTS {#SEC3}
=======

Development of a high-throughput SD-MMEJ assay {#SEC3-1}
----------------------------------------------

Our previous SD-MMEJ study ([@B25]) utilized a single I-*Sce*I endonuclease recognition site positioned on chromosome *2* (*Iw7*; ([@B35])). Because this system required that independent repair events be recovered in the progeny of individual males, we developed a plasmid injection system to allow for rapid, high throughput characterization of I-*Sce*I repair products (Figure [2A](#F2){ref-type="fig"}). Purified plasmid DNA was injected into 0--2 h-old, C-NHEJ deficient *lig4* mutant embryos expressing the I-*Sce*I endonuclease. The embryos were incubated for four hours at 25°C to allow for cutting and repair to take place, after which the plasmids were recovered and transformed into bacteria. DNA from individual colonies, each representing an independent repair event, was purified and Sanger sequenced. Comparison of the repair events recovered from the plasmid system to our previously published results with *Iw7* located on chromosome *2* ([@B25]) suggests that similar types of inaccurate repair products are recovered regardless of whether the construct is located on a plasmid or in the genome, with roughly equivalent percentages of apparent blunt joins, microhomology junctions, and indels ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

![A high-throughput SD-MMEJ assay. (**A**) *In vivo* extract system. Purified plasmid constructs are injected into dechorionated embryos expressing I-*Sce*I. Following incubation to allow for cutting and repair, plasmids are recovered and sequenced directly by Sanger sequencing (not shown) or prepared for high throughput amplicon sequencing. (**B**) Diagrams showing the predicted effects of right-side flanking sequence changes on SD-MMEJ repair. Yellow highlighting indicates the I-*Sce*I recognition site. In *Iw7*, blue text corresponds to a GGCC direct and inverted repeat that can participate in snap-back SD-MMEJ (shown) or loop-out SD-MMEJ (not shown). M1 has a change in the first GGCC repeat (red) that is postulated to prevent formation of the hairpin (shown) or loop (not shown) used during the creation of a prominent SD-MMEJ product. M2 has two additional alterations (orange) that are postulated to promote the formation of a 9-nt inverted repeat that can be used to prime snap-back synthesis during SD-MMEJ. M3 has two additional changes (green) that are predicted to act as the start of a microhomology primer. Following synthesis of 4 nt, the nascent DNA could anneal to a CCTGT microhomology on the left side of the break.](gkx1056fig2){#F2}

To further increase the number of repair junctions that we could analyze, we employed high-throughput amplicon sequencing. Cut and repaired plasmids recovered from injected embryos were subjected to PCR, using primers that amplified the repair junction plus approximately 100 bp of flanking sequence (Figure [2A](#F2){ref-type="fig"}). The products were then sequenced in multiplexed, paired-end MiSeq reactions. A 'no-cut' control in which plasmids were injected into embryos not expressing I-*Sce*I was also included. The sequencing reads were trimmed and aligned to the *Iw7* reference sequence. Inaccurate repair events that were observed in the 'no-cut' control were assumed to be sequencing artifacts and were removed from all data sets. The remaining reads were binned according to similarity and repair junctions with more than 30 total reads were selected for further analysis ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}).

Comparison of the inaccurate repair events obtained from the *Iw7* construct showed that of the 64 unique deletions we obtained from Sanger sequencing, 59 (92%) were also recovered in the amplicon data set, plus an additional 71 novel deletions, demonstrating the utility of the high-throughput approach. While only 25 out of 105 unique insertion repair events from Sanger sequenced plasmids appeared in the amplicon collection, this is likely due to the greater potential diversity of insertion repair events. Importantly, plasmid repair events with large insertions were recovered at similar frequencies with both Sanger and high-throughput amplicon sequencing protocols, indicating that amplicon sequencing does not bias against the recovery of these types of events.

In order to analyze the effects of flanking sequence upon SD-MMEJ repair outcomes, we designed additional constructs with single or multiple base pair changes relative to the original *Iw7* sequence (Figure [2B](#F2){ref-type="fig"}). In all of the constructs, the original 18 bp I-*Sce*I recognition sequence remains intact, ensuring efficient cutting. Our logic in the design of these constructs was to first impair the formation of a prominent SD-MMEJ product, and then to create new primer and microhomology repeats that could act as drivers of other SD-MMEJ products. Because the most frequently utilized primer repeats from our initial study were located to the right of the I-*Sce*I recognition site, we focused first on the right side. The M1 construct contains a single base-pair change in a prominently utilized GGCC direct and inverted repeat that we have previously identified as being used in 20--40% of all SD-MMEJ consistent repair products (Figure [2B](#F2){ref-type="fig"}) ([@B25]). We anticipated that this change would abolish any repair products that utilize this repeat during loop-out and snap-back SD-MMEJ. The M2 construct contains two additional base-pair changes that we predicted would enhance two specific SD-MMEJ products: one involving loop-out SD-MMEJ with a 4-nucleotide (nt) TAGT direct repeat and the other utilizing snap-back SD-MMEJ with a 9-nt inverted GTCCACTAG repeat. The M3 construct changes two base pairs downstream of the 9-nt inverted repeat, 30 bp away from the break site. We hypothesized that synthesis resulting from the formation of this snap-back intermediate should create a 5-nt microhomology that could anneal with single-stranded sequence on the opposite side of the break.

Single base pair changes in sequences prone to form secondary structures affect repair outcomes {#SEC3-2}
-----------------------------------------------------------------------------------------------

We measured the sizes of the deletions and insertions for all inaccurate repair junctions recovered from the amplicon sequencing. The vast majority of junctions had deletions of fewer than 20 bp; the mean deletion size for all four constructs was between 9 and 11 bp ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Overall, the distribution of insertion sizes was similar between the four different constructs, with most insertions being less than 15 bp ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Thus, it appears that the M1-M3 mutations do not have a large effect on the relative sizes of the repair products.

In order to facilitate further analysis, we designed custom programs in Python and R that can identify repeat motifs and primer and microhomology repeats potentially utilized during SD-MMEJ (see materials and methods). We classified repair events recovered from each of the four sets of injected embryos as deletions with apparent blunt joins, deletions with microhomologies, or indels (insertions with or without a deletion). While we did observe variation in the types of repair products recovered for each of the four constructs, the only statistically significant difference was an increase in the percentage of microhomology junctions recovered for the M2 construct, compared to both M1 and *Iw7* (Figure [3A](#F3){ref-type="fig"}, *P* \< 0.05, ANOVA, Tukey\'s HSD test). The single base-pair change made in M1 resulted in a twelve percent increase in the percentage of repair junctions with insertions, but this increase in indels was not significant and was not observed in the M2 and M3 repair products.

![Effects of single nucleotide changes in I-*Sce*I flanking sequences on SD-MMEJ outcomes. (**A**) Types of inaccurate repair junctions. ABJ = apparent blunt join; MHJ = microhomology junction; InDel = insertion/deletion junction. (**B**) Overall SD-MMEJ consistency. Each bar represents the percentage of reads for each junction determined to be SD-MMEJ consistent. (**C**) SD-MMEJ consistency by repair junction type.](gkx1056fig3){#F3}

In addition, we determined whether each repair event was consistent with the SD-MMEJ model. For the latter analysis, each junction had to meet three criteria to qualify as SD-MMEJ consistent: ([@B1]) the repair event had to contain a repeat motif (P1 + MH1 + intervening sequence) of at least 4 bp; ([@B2]) the break-distal end of the repeat motif had to occur within 30 bp of the site of break rejoining; and ([@B3]) the repeat motif had to contain a primer repeat of at least 1 bp and a microhomology repeat of at least 1 bp. Repair events that failed to meet all three criteria were classified as SD-MMEJ inconsistent. Interestingly, the overall percentage of SD-MMEJ consistency for all three types of repair junctions decreased with the M1 mutation and increased with the M2 and M3 mutations, particularly for the microhomology and indel repair events (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). Although these changes were not statistically significant, they suggest that sequences adjacent to a double-strand break can influence the efficiency of SD-MMEJ repair.

Furthermore, the distribution of right-side deletion boundaries (endpoints), as illustrated in Figure [4](#F4){ref-type="fig"}, was shifted towards the break site in the M1 repair products and accompanied by an increase in the percentage of non-SD-MMEJ consistent junctions. The deletion boundary at the GGCC direct repeat in SD-MMEJ consistent junctions, while readily apparent in the *Iw7* sequence, was conspicuously absent in the M1 mutant junctions (Figure [4B](#F4){ref-type="fig"}, see arrow). In contrast, the deletion boundaries for the M2 and M3 repair junctions were similar to those for *Iw7* repair products. Interestingly, flanking sequence changes made in M1-M3 had little effect on the left-side deletion boundaries. Based on these observations, we conclude that the single mutation in M1 decreases SD-MMEJ consistent repair, while the M2 and M3 mutations promote SD-MMEJ, likely by providing new secondary structure-forming sequences.

![Changes in I-*Sce*I flanking sequence alter the deletion boundaries. Deletion boundaries for inaccurate repair events for (**A**) *Iw7*, (**B**) M1, (**C**) M2 and (**D**) M3. Deletion boundaries are defined as the first non-ambiguous base accurately aligned to the left and right of the I-*Sce*I break. SD-MMEJ consistent junctions are represented by darker colors. + indicates all bases to the right or left of the indicated sequence. The arrow in (B) shows the effect of the C→A mutation on the deletion boundary at a prominently used primer repeat.](gkx1056fig4){#F4}

Comparison of repeat motifs in deletion junctions highlights preferred primers used during SD-MMEJ {#SEC3-3}
--------------------------------------------------------------------------------------------------

To further characterize the sequences that might mediate SD-MMEJ in the different contexts, we first focused on the SD-MMEJ consistent deletion junctions. We conducted computational analysis to identify repeat motifs for SD-MMEJ consistent deletions. A single repeat motif comprises the outermost primer repeat utilized during secondary structure formation and DNA that is subsequently synthesized to create the microhomology used to span the break (Figure [1](#F1){ref-type="fig"}).The overall distribution of these repeat motifs are shown for each of the four sequences in Figure [5](#F5){ref-type="fig"}, with bases that are found in more commonly utilized repeat motifs indicated by warmer colors.

![The prevalence of repeat motifs utilized in SD-MMEJ consistent deletion junctions depends on the I-*Sce*I flanking sequence. Repeat motifs contain the P1 primer repeat, the adjacent MH1 microhomology repeat, and any intervening sequence. Colors correspond to the frequency that each base is found in a repeat motif, with warmer colors indicating greater frequencies. Red vertical lines indicate the TTAT/AATA overhangs produced by I-*Sce*I cutting.](gkx1056fig5){#F5}

Interestingly, we observed that a sizeable number of repair junctions from all four plasmids were consistent with the frequent utilization of a GGTA/TACC inverted repeat for snap-back synthesis on the left side of the break (Figures [5](#F5){ref-type="fig"} and [6A](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}). This was one of the four most common primer repeats identified in our previous, chromosome-based assay ([@B25]). In contrast, repeat motifs identified on the right side of the break differed between the different constructs, especially at the locations where mutations were made. This indicates that sequence changes made on the right side of the break did not affect the primer repeats utilized on the left side and suggests that the two sides act independently of each other during the secondary structure formation phase of SD-MMEJ repair.

![Changes in I-*Sce*I flanking sequence influence the secondary structures utilized during SD-MMEJ repair. Individual repeat motifs in SD-MMEJ consistent deletion junctions, with their relative prevalence indicated by color. Percent SD-MMEJ consistent deletion reads was calculated by dividing the total number of reads for each repeat motif by the total number of SD-MMEJ consistent deletion reads. Repeat motifs corresponding to loop-out mechanisms are indicated by straight lines, while snap-back mechanisms are indicated by hatched lines. Red vertical lines indicate the TTAT/AATA overhangs produced by I-*Sce*I. (**A**) The red box highlights snap-back synthesis products utilizing a GGCC direct repeat, while the blue box highlights loop-out synthesis using the GCGG/CCGC inverted repeat. (**B**) The red box highlights a CTAG repeat motif created by both snap-back and loop-out repair mechanisms. (**C**) The red box highlights repeat motifs resulting from snap-back synthesis utilizing part/all of a 6 nt TCCACT/AGTGGA inverted repeat or an 8 nt CTAGTGGA direct repeat. The blue box indicates repeat motifs resulting from snap-back synthesis using part/all of a 9 nt CTAGTGGAC/GTCCACTAG inverted repeat. (**D**) The arrow indicates a repeat motif with a CAGG microhomology that anneals with CCTG on the left side of the break.](gkx1056fig6){#F6}

In the *Iw7* repair products, we saw strong evidence for snap-back synthesis utilizing a GGCC direct repeat and GCGG/CCGC inverted repeat (Figure [6A](#F6){ref-type="fig"}, red box and blue box, respectively). The loss of these repeats in M1 resulted in the increased prevalence of a CTAG repeat motif that could be created through either snap-back or loop-out repair mechanisms (Figure [6B](#F6){ref-type="fig"}, red box). Thus, a single mutation in the flanking sequence ten base pairs from a double-strand break can have a large impact on secondary structures that are utilized during SD-MMEJ repair.

Analysis of the most prevalent repeat motifs in the M2 repair products suggests that the two new mutations created the potential for new secondary structures to form and drive SD-MMEJ. For example, a repeat motif containing all or part of the CTAGTGGA sequence located 30 bp from the break (Figure [6C](#F6){ref-type="fig"}, red box) could result from either snap-back synthesis utilizing either a 6 nt AGTGGA/TCCACT inverted repeat or an 8 nt CTAGTGGA direct repeat. Both of these repeats depend on the two new mutations found in the M2 flanking sequence. Furthermore, as predicted, we saw evidence for the utilization of the 9 nt CTAGTGGAC/GTCCACTAG inverted repeat in repair products predicted to be generated by snap-back synthesis (Figure [6C](#F6){ref-type="fig"}, blue box). Interestingly, many of the M2 repair junctions did not appear to utilize the entire 9 nt inverted repeat, suggesting that repeats of this length may be disfavored during SD-MMEJ.

Mutation of the GT to the CA in the M3 sequence abolished usage of the 8 nt CTAGTGGA direct repeat observed in M2, as would be expected (Figure [6D](#F6){ref-type="fig"}). An 8 nt TAGTGGAC/GTCCACTA inverted repeat was still frequently used and there was evidence for annealing of a newly synthesized CAGG with a CCTG microhomology on the left side of the break, as had been postulated during the design of M3 (Figure [6D](#F6){ref-type="fig"}, red arrow). Thus, using the SD-MMEJ model we were able to predict some of the new deletion junctions that were observed in the M2 and M3 sequence contexts.

Analysis of repeat motifs and primer plots for indel events provides insight into preferred SD-MMEJ characteristics {#SEC3-4}
-------------------------------------------------------------------------------------------------------------------

SD-MMEJ provides a unifying mechanism to describe the formation of both simple deletion and indel repair events. However, the deletion junctions that we recovered could also be explained by a simple MMEJ mechanism, in which pre-existing microhomologies simply anneal and repair is completed by fill-in synthesis. Thus, we next analyzed the indels, whose formation can only be explained by synthesis of new DNA prior to annealing. We computationally identified prominent repeat motifs in SD-MMEJ consistent repair products that could be explained by single-step insertions, which can occur via a single round of annealing at a primer repeat, synthesis, and dissociation followed by annealing at newly synthesized microhomologies. These repeat motifs are represented in heat map plots (Figure [7](#F7){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). Most of the repeat motifs identified in the indel repair products were located close to the break site, with a preference for the left side. This contrasts with the repeat motifs in the simple deletion products, which were located primarily on the right side (compare Figures [5](#F5){ref-type="fig"}--[7](#F7){ref-type="fig"}).

![The prevalence of repeat motifs utilized in SD-MMEJ consistent single-step insertions depends on the I-*Sce*I flanking sequence. Repeat motifs contain the P1 primer repeat, the adjacent MH1 microhomology repeat, and any DNA between these repeats (the insertion). Colors correspond to the frequency that each base in found in a repeat motif, with warmer colors indicating greater frequencies. Red vertical lines indicate the TTAT/AATA overhangs produced by I-*Sce*I cutting. Trans SD-MMEJ occurs with microhomology annealing across the break site, followed by synthesis, dissociation of the nascent DNA, and reannealing at new microhomologies prior to completion of repair.](gkx1056fig7){#F7}

As with the deletion junctions, we observed striking differences for the indels in the most highly represented repeat motifs between the different plasmids. For example, the GGCC direct repeat was frequently identified in the *Iw7* loop-out repeat motifs but was absent in M1 loop-out repair products ([Supplementary Figure S2A and S2B](#sup1){ref-type="supplementary-material"}, for example see Figure [9A](#F9){ref-type="fig"}). Interestingly, the snap-back SD-MMEJ products with the GCGG/CCGC inverted repeat were less commonly observed in the indels than in the simple deletions isolated from the *Iw7* background (compare Figure [6A](#F6){ref-type="fig"} to [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}, for an example see [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}).

In addition to snap-back and loop-out repair products, we were able to identify a group of indels which could only be created through annealing of single-stranded DNA across the junction, synthesis, dissociation, and reannealing at a new microhomology junction. We refer to these types of junctions as 'trans' SD-MMEJ junctions (for an example, see Figure [9B](#F9){ref-type="fig"}). The beginning of the repeat motifs for most of the trans junctions occurred very close to the break site and extended for a short distance to the left, suggesting that the initial annealing occurred within the TTAT overhang and synthesis proceeded using single-stranded DNA on the left side of the break as a template.

To gain further insight into SD-MMEJ sequence preferences, we determined the primer repeats that could have been used for the indel repair events from each of the four plasmids. Plots of these potential primers for the *Iw7* sequence and M1-M3 constructs are shown in Figure [8](#F8){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}. In these plots, the DNA sequences between the primers form the loops in the proposed secondary structures; inspection of these sequences shows the potential for additional base pairing within the loops. Notably, primer two (p2, the primer most proximal to the break) is usually located within 15 bp of the I-*Sce*I cut site, with the exception of a TGGATC direct repeat located 30 bp from the break (Figure [8](#F8){ref-type="fig"}). Individual junctions with the greatest number of reads utilize primer repeat pairs that are 3--4 nt in length and separated by fewer than 10 bp ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). However, the total number of junctions using primer repeats of 1--2 nt is greater than the total number of junctions using longer primer repeats, presumably because more of the shorter primers are present in the flanking sequence. Remarkably, some of the indel junctions can be explained by SD-MMEJ mechanisms in which single nucleotides pair across a distance of more than 25 bp. For these junctions, the most frequently used short primer repeats are not randomly distributed, suggesting that these repair events are also influenced by the sequences flanking the primer repeats.

![Specific primer repeats are preferentially used during SD-MMEJ for single-step insertions. All possible primer pairs (P1 and P2) are shown for the *Iw7* construct, along with the type of SD-MMEJ event for each primer set. Primer pairs do not consider overall synthesis length and microhomology formation, therefore, different junctions may have the same primer pair. Colors correspond to the frequency that each primer pair is utilized, with warmer colors indicating greater frequencies. Loop-out = solid outline and connecting line; snap-back = dashed outline and connecting line; trans = dotted outline. Red vertical lines indicate the TTAT/AATA overhangs produced by I-*Sce*I cutting. Red boxes indicate the loop-out priming sites ablated in the M4 plasmid construct.](gkx1056fig8){#F8}

Inspection of the primer plots reveals secondary structures that might form in each of the four sequence contexts to promote SD-MMEJ. Some of these are common to all contexts, particularly primer repeats highly utilized on the left side of the break. For example, the most frequent SD-MMEJ consistent indels involve snap-back with annealing between a TA/AT inverted repeat or loop-out with annealing between a TTA direct repeat. Both of these primer repeats are located directly to the left of the break site (Figure [8](#F8){ref-type="fig"} and S4, for examples see [Supplementary Figure S4B and S4C](#sup1){ref-type="supplementary-material"}).

However, in many instances the pattern of primer usage directly correlates with the sequence changes made in each of the plasmids. For example, in M1, a unique TCC/GGA inverted primer repeat is frequently utilized during snap-back SD-MMEJ ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}, red box). Similarly, in M2 the eight nucleotide CTAGTGGA direct primer repeat and nine nucleotide CTAGTGGAC/GTCCACTAG inverted primer repeat are utilized during loop-out and snap-back SD-MMEJ, similar to what was observed with the simple deletion junctions ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Finally, a unique class of SD-MMEJ consistent indels frequently observed in the M2 and M3 contexts is best explained by snap-back synthesis using a TG/CA inverted primer repeat ([Supplementary Figure S4B and C](#sup1){ref-type="supplementary-material"}, red boxes, see Figure [9C](#F9){ref-type="fig"} for an example).

![Models for SD-MMEJ consistent indel junctions. Shown are primer repeats (blue), microhomology repeats (green), insertions (boxes), and final repeat motif (underlined). (**A**) *Iw7* loop-out event. Unwinding/resection of DNA on the right side of the break allows primer repeats to anneal, followed by limited synthesis, dissociation, and annealing of microhomology repeats. Endonuclease/flap cleavage events are not shown for simplicity. (**B**) M1 trans SD-MMEJ event. The two-ended arrow indicates transition of the TTA primer repeat to a microhomology repeat. This junction can also be explained by a snap-back mechanism on the left side of the break. (**C**) M2 snap back event. Asterisks indicate engineered sequence changes utilized during repair. Note that 3′→5′ resection or endonuclease activity following the annealing of primer repeats is required prior to initial synthesis.](gkx1056fig9){#F9}

In addition to the unambiguous trans priming events shown in Figures [7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}, all loop-out events represented by the repeat motifs in Figure [7](#F7){ref-type="fig"} could also be explained by a trans mechanism. One example of this is shown in [Supplementary Figure S3D](#sup1){ref-type="supplementary-material"}, where a TACCCT insertion could be created either via annealing of a GT/CA microhomology in a trans priming event or via annealing of an AT direct repeat in a loop-out mechanism. Because our models classify these ambiguous junctions as loop-out events, our analysis may actually be underestimating the percentage of trans SD-MMEJ consistent events that occur with priming across the break site. Because the repeat motifs for the trans SD-MMEJ events tend to cluster on the left side of the break (Figure [7](#F7){ref-type="fig"}), this could also explain the leftward bias of repeat motifs that we observe for the SD-MMEJ consistent loop-out indels compared to the simple deletions.

Sequence changes to the left of the I-*Sce*I cut site also affect SD-MMEJ in predictable ways {#SEC3-5}
---------------------------------------------------------------------------------------------

The primer repeat utilization plots shown in Figures [8](#F8){ref-type="fig"} and S4 indicate that changes made to the I-*Sce*I flanking sequences in the M1-M3 constructs had the greatest effect on the usage of primer repeats on the right side. To test whether we could also affect left-flanking repeat motifs in SD-MMEJ consistent repair events, we generated two constructs with single base pair changes to the left of the I-*Sce*I recognition site, using logic similar to that employed with the M1-M3 constructs. In the M4 construct, a T--A base pair just outside of the I-*Sce*I recognition site was changed to an A-T base pair, ablating two 2-nt loop-out priming sites that were utilized in 1--2% of the single-step insertion reads in the original *Iw7* sequence ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"} and Figure [8](#F8){ref-type="fig"}). In the M5 construct, an A--T base pair was swapped with a T-A base pair, creating a potential 4-bp GTTA priming site for loop-out synthesis ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).These plasmids were injected into I-*Sce*I expressing embryos, recovered, and subjected to amplicon sequencing as before. For these experiments, we utilized both wild-type and *lig4* mutant embryos, to determine whether primer utilization during SD-MMEJ changes when C-NHEJ repair is available.

Comparison of inaccurate repair junctions recovered from the M4 and M5 constructs showed slight variation in the types of inaccurate repair ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). The percentage of SD-MMEJ consistent repair for the M4 construct was similar to the original *Iw7* construct and increased for the M5 construct. Interestingly, for all types of repair junctions the SD-MMEJ consistent repair percentage stayed the same or increased in *LIG4+* embryos that were capable of carrying out C-NHEJ ([Supplementary Figure S7B and C](#sup1){ref-type="supplementary-material"}). Both the deletion and insertion length distributions and the deletion boundaries for the M4 and M5 constructs were similar to those measured for the *Iw7* construct and were not affected by Lig4 status ([Supplementary Figures S1, S8 and S9](#sup1){ref-type="supplementary-material"}).

Inspection of the repeat motif plots for M4 SD-MMEJ consistent deletion junctions showed very little variance on the right side of the break compared to the *Iw7* construct ([Supplementary Figures S10 and S11](#sup1){ref-type="supplementary-material"}). The largest discernible difference was the utilization of new primer repeats in snap-back synthesis reactions on the left side of the break ([Supplementary Figure S11](#sup1){ref-type="supplementary-material"}, red box); these repeats utilized the engineered T→A base change in both wild-type and *lig4* genetic backgrounds. Similarly, the sequence change in M4 promoted frequent recovery of new SD-MMEJ consistent snap-back insertion products, especially in the absence of Lig4 ([Supplementary Figures S12, S13](#sup1){ref-type="supplementary-material"}, red box).

As predicted, the single base pair change in M5 promoted use of the GTTA primer for loop-out synthesis in both SD-MMEJ consistent deletion and insertion junctions ([Supplementary Figures S10--S14](#sup1){ref-type="supplementary-material"}, blue boxes in [Supplementary Figures S11, S13 and S14](#sup1){ref-type="supplementary-material"}). In contrast, the base change did not have major effects on the utilization of repeat motifs to the right of the I-*Sce*I site. Finally, the SD-MMEJ consistent repair product spectrum in the M5 background was similar in both wild-type and *lig4* embryos. We conclude that changing the flanking sequences within thirty base pairs of either side of a double-strand break can have major effects on SD-MMEJ repair, regardless of whether C-NHEJ is available.

DISCUSSION {#SEC4}
==========

Alternative end joining is frequently associated with the use of microhomologies to tether double-strand break ends during the repair process. However, much remains to be learned regarding the parameters that govern microhomology usage and the source of templated insertions during alt-EJ. One of the more remarkable aspects of alt-EJ in Drosophila, and likely in other organisms, is that the use of pre-existing microhomologies for simple MMEJ is often eschewed in favor of a more complex process that involves multiple rounds of microhomology annealing and synthesis. One implication of this observation is that alt-EJ is a highly dynamic and versatile process, adaptable to differences in local sequence context and repair factor availability.

Previous studies from our lab and others found that secondary structure-forming sequences can exert strong influences during alt-EJ and led us to propose the SD-MMEJ model. According to the model, SD-MMEJ can produce a variety of repair junction types, including apparent blunt joins that are normally associated with C-NHEJ repair and microhomology junctions that are commonly attributed to MMEJ. Importantly, the SD-MMEJ model can also provide mechanistic insight into the generation of complex indels that represent extreme examples of alt-EJ repair.

What sequence contexts promote SD-MMEJ? {#SEC4-1}
---------------------------------------

In this study, we used a plasmid injection/recovery assay in fly embryos and next-generation amplicon sequencing to obtain an expanded collection of alt-EJ repair junctions. Analysis of over 1000 different common repair products recovered from six different constructs demonstrates that making single nucleotide changes as far as 30 bp from an I-*Sce*I break can radically alter the spectrum of alt-EJ repair outcomes. In some cases, we were able to predict the repair outcomes based on an analysis of single-strand sequences likely to form hairpins and loops. For example, changing the identity of bases most commonly utilized as primer repeats in the *Iw7* sequence eliminated the expected repair junctions. Similarly, creation of new primer repeats in the M2, M3 and M5 constructs resulted in recovery of repair products that were consistent with SD-MMEJ mechanisms utilizing these repeats.

Overall, the most highly represented repair junctions demonstrated a preference for secondary structures involving primer repeats of 3--4 nt, separated by an inter-repeat distance of fewer than 10 base pairs. However, we also observed many examples of SD-MMEJ consistent junctions that utilized primer repeats of only a single nucleotide, along with primer repeats separated by up to 25 base pairs. Because annealing at these distant primer repeats would be predicted to be rare and highly transient, it seems likely that the annealing and subsequent extension may be protein mediated (see below).

In our analysis of the M2 and M3 junctions, we found few SD-MMEJ consistent products that appeared to utilize the newly-created 8- and 9-bp primer repeats. Instead, the most frequently recovered repair junctions contained smaller portions of the repeats, ranging from 3--6 bp. Our interpretation of this result is that the primer repeats most likely to result in effective SD-MMEJ repair are those that form quasi-stable and easily disrupted secondary structures, in line with a view of SD-MMEJ as a highly flexible and dynamic repair process. A corollary to this finding is that one or more exonucleases or endonucleases must act on the single-stranded substrate either before or after formation of the secondary structures, in order to generate a base-paired 3′ DNA end that can serve as a template for synthesis. The identity of these nuclease(s) remains to be determined.

Results obtained using the M3 construct showed that sequence changes up to 30 bp distal from the I-*Sce*I cut site resulted in an altered spectrum of novel, SD-MMEJ consistent junctions. While we have yet to establish a distance for which single nucleotide mutations no longer influence SD-MMEJ repair, we expect that the maximum distance may be limited by the amount of naked single-stranded DNA at the break site. In eukaryotes, the footprint for the RPA trimer, which binds single-stranded DNA and prevents secondary structure formation, has been shown to be approximately 28--30 nt ([@B36]--[@B38]). Thus, we hypothesize that the mutations in the M3 plasmid represent the outer limit of where sequences flanking a DSB may influence SD-MMEJ outcomes. Interestingly, RPA has been shown to be inhibitory to MMEJ in yeast by preventing annealing of single-stranded microhomologous sequences ([@B39],[@B40]).

Several aspects of our analysis suggest that each side of the DSB acts independently during the initial stages of SD-MMEJ, when hairpins and loops form on either side of the break and prime synthesis in cis. Specifically, alterations in flanking sequences to the right of the I-*Sce*I break for M1-M3 affect the usage of primer repeats on the right side but not the left, while changes in left-side flanking sequences for M4 and M5 have the opposite effect. However, at some point during repair, annealing of microhomologous sequences across the break must occur. If this happen early in the repair process, a trans SD-MMEJ process may occur. In this scenario, insertions result from annealing of ssDNA across the break, limited synthesis, dissociation, and reannealing at a newly created microhomology. These trans repair events have been previously reported in another study in mammals, suggesting that this type of repair is conserved ([@B41],[@B42]).

While some of our junctions are unarguably created through a trans mechanism (Figure [7](#F7){ref-type="fig"}), all of the postulated loop-out junctions could also be explained by initial microhomology annealing in trans, although many of these would require annealing to internal microhomologies and non-homologous tail clipping. Furthermore, because multiple plasmids are injected into each embryo in our system, some of the postulated snap-back junctions could arise through an intermolecular *trans*-SD-MMEJ reaction. Thus, it will be informative to test the relative proportions of different SD-MMEJ mechanisms in a chromosomal context.

Does DNA polymerase theta drive SD-MMEJ? {#SEC4-2}
----------------------------------------

In mammals, translesion DNA polymerase theta (Pol θ) promotes MMEJ and insertions during alt-EJ ([@B43]--[@B46]). Purified Pol θ polymerase domain, which crystallizes as a dimer, can also align microhomologous sequences and promote synthesis in MMEJ-like reactions *in vitro* ([@B47],[@B48]). Pol θ possesses an N-terminal helicase-like domain with DNA-dependent ATPase activity and a C-terminal polymerase domain ([@B49]); the cooperation of these two domains could be extremely beneficial during SD-MMEJ repair.

Previous work from our lab showed that depletion of Drosophila Pol θ decreases both overall alt-EJ repair ([@B50]) and the percentage of SD-MMEJ consistent junctions following creation of a chromosomal DSB by I-*Sce*I ([@B25]). Furthermore, the few indels recovered from flies expressing very low levels of Pol θ had little synthesis and were less complex than wild-type indels. It will be interesting to repeat these experiments in Pol θ domain-specific mutants to determine the extent to which SD-MMEJ depends on the different domains of Pol θ.

In the *C. elegans* germline, alt-EJ of Cas9-induced breaks is entirely dependent on Pol θ ([@B51]). Residual alt-EJ exists in Pol θ-deficient Drosophila and mammals, suggesting that the overall contribution of Pol θ to SD-MMEJ and alt-EJ may vary between different organisms ([@B44],[@B50]). Interestingly, two recent investigations into the genetic requirements for random integration of exogenous DNA demonstrated that Pol θ was responsible for all C-NHEJ independent integration events in mammals ([@B52],[@B53]). Furthermore, loss of human Pol θ abolished Cas9-induced DSB repair events involving microhomologies or templated insertions, strongly arguing that, in certain contexts, Pol θ is solely responsible for alt-EJ ([@B52]).

Implications of SD-MMEJ {#SEC4-3}
-----------------------

Alt-EJ has been implicated in the formation of oncogenic chromosome translocations in a variety of human cancers, with many translocation junctions bearing sequence motifs characteristic of SD-MMEJ repair ([@B54]--[@B58]). Thus, SD-MMEJ, with its inherent mutagenic potential, could drive the formation of genome rearrangements that represent the first step towards cellular transformation. However, SD-MMEJ could also serve as a beneficial evolutionary mechanism allowing for the creation of novel SNPs and promoting the expansion and diversification of short sequence repeats. Such a mechanism was recently shown to operate at tandem repeats following creation of a DSB using TALENs in zebrafish ([@B59]). Similarly, SD-MMEJ repair could drive the expansion of small repeats in gene promoters, thereby creating a rapid mechanism by which to alter gene expression ([@B60]--[@B62]).

Finally, with the growing use of targetable nucleases, especially Cas9 and Cpf1, for gene editing purposes, a better understanding of how sequence context affects repair pathway choice is needed ([@B63]). Recognition that certain secondary-structure forming sequences may promote inaccurate SD-MMEJ repair is particularly important for researchers using site-specific nucleases to create gene-inactivating frameshifts and indels ([@B64],[@B65]). Relevant to human genome editing, efficient SD-MMEJ/alt-EJ may inhibit processes involving gene modification by homologous recombination. Thus, our findings highlight the importance of considering flanking sequence context when choosing DSB sites for genome editing.
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